Abstract -Orchid bees (Apidae, Euglossini) are important pollinators in the Amazon forest. In eastern Brazilian Amazon, secondary forest and pastures are being replaced by oil palm plantations. Here, we tested the role of forest reserves and riparian corridors in maintaining orchid bees. We sampled bees in three different soil-type uses, comparing richness, abundance, and assemblage composition. Estimated richness was lowest in palm plantations than in forest reserves and riparian corridors on diversity of orchid bees. Riparian corridors had the highest abundance, followed by reserves, and oil palm plantations. Bee assemblage also varied with land cover, with the reserves having the most distinct composition. We also identified indicator bees for primary forest. Our results demonstrate riparian corridors and forest reserves can maintain orchid bees in oil palm landscapes.
INTRODUCTION
One of the greatest challenges facing conservation biologists in an age of rapid agricultural expansion for food, fiber, and fuel is understanding how to retain biodiversity and associated ecosystem services within sustainable production landscapes (MEA 2005; Tomich et al. 2011; Laurance et al. 2014) . Pollination is a critical biodiversity-dependent ecosystem service in both natural and human landscapes that can be negatively impacted by land-use changes (SteffanDewenter et al. 2005; Klein et al. 2007; Giannini et al. 2015) . In tropical plantations, such as coffee and cacao, proximity to natural areas and forests can boost farmers' yields by providing habitat to wild pollinators that pollinate farmers' crops (De Marco Jr and Coelho 2004; Greenleaf and Kremen 2006) . However, despite their ecological and economic importance, pollinators are declining worldwide due to habitat loss, land-use changes, and the pervasive use of pesticides (Henry et al. 2012; Burkle et al. 2013; Oliveira et al. 2016) .
In the Neotropics, orchid bees (Apidae, Euglossini) compose an important group of endemic pollinators containing nearly 250 species (Nemésio and Rasmussen 2011) . They are known for their striking metallic colors and males' scent-collecting behaviors from blooming orchids and other flowers, which is allegedly used to attract females (Dressler 1982a ). This behavior makes orchid bees ecologically critical as long-distance pollinators (Dressler 1982a) , where individual plants are often widely spaced at low densities (Janzen 1971) . Orchid bees pollinate more than 600 species of plants and are frequent visitors to hundreds more (Dressler 1982a; Ramírez et al. 2002; Rocha-Filho et al. 2012) , including economically important species like Brazil nuts (Maués 2002) . Orchid bees are more diverse in rainforests (Nemésio and Silveira 2007) , and many species are forest-interior specialists and are sensitive to forest fragmentation (MiletPinheiro and Schlindwein 2005) , in contrary to most bee groups that are usually more diverse in xeric and temperate zones (Michener 2007) . Consequently, habitat loss, conversion, and degradation negatively impact orchid bee assemblages (Brosi 2009 ).
In the tropics, oil palm (Elaeis guineensis Jacq.) is one of the of the most important commodity plantations, as the oil has multiple uses from food to cosmetics to biofuel (Fitzherbert et al. 2008) . Oil palm plantations now cover more than 14.5 million hectares worldwide, and continue to rapidly expand (Foster et al. 2011; Livingston et al. 2013) . Most oil palm is in Southeast Asia, but Neotropical oil palm plantations are expanding, particularly in Brazil where oil palm production doubled from 46,000 ha in 2001 to 109,000 ha in 2009 (FAO 2013) . The great majority of oil palm plantations in Brazil are located in the State of Pará, within the Belém Endemism Center biodiversity hotspot (Gascon et al. 2001; Brandão and Schoneveld 2015) . In general, conventional oil palm plantations have low conservation value due to the loss of biodiversity and simplification of habitats compared to native forests (Turner and Foster 2009; Foster et al. 2011) . Further, oil palm plantation insect assemblages are typically dominated by a few abundant generalists, non-forest species, and pests (Chey 2006; Fitzherbert et al. 2008) .
Some studies in the Neotropics found that orchid bee communities are sensitive to oil palm plantations and increasing isolation from forest habitat, as well as other landscape changes (Livingston et al. 2013; Powell and Powell 1987, respectively) . To mitigate some of these effects, Brazilian law requires land owners to preserve forest reserves and riparian corridors (permanent protection areas or BÁreas de Preservação Permanente^in Portuguese, henceforth APPs), believing that these refuges may maintain biodiversity and corridors can connect fragmented populations (Brazilian Law n°12.651 2012; Marques and Ranieri 2012) .
In this study, we examined the role of forest reserves and riparian corridors in conserving and maintaining orchid bee biodiversity in the oil palm landscape in the Brazilian State of Pará, the most important agricultural frontier for oil palm in the region (Fitzherbert et al. 2008; Butler and Laurance 2009 ). Since some orchid bees species are very sensitive to fragmentation and do not use the matrix environment surrounding forest fragments to disperse throughout their habitats (MiletPinheiro and Schlindwein 2005; Rosa et al. 2015) , we hypothesized that orchid bee richness and abundance would be greatest in the forest reserves and lowest in the palm plantation, with the APPs containing intermediate levels of richness and abundance.
MATERIALS AND METHODS

Study site
The study was carried out in oil palm plantations, forest reserves, and APPs at the Agropalma Industrial Complex, near the municipality of Tailândia, in the southeast of the state of Pará, Brazil (Figure 1 ), approximately 02°20′ and 02°40′S by 48°30′ and 49°0′W. Agropalma consists of 107,000 ha where 64,000 ha are preserved as forest reserves and the other 40,000 ha are conventional palm plantation (the remainder being company infrastructure). The region's climate is hot and humid, with two well-defined seasons, a dry season between June and November, when orchid bee sampling took place, and a rainy season, between December and May. Mean annual precipitation is 2451 mm, mean temperature approximately 26°C, and relative humidity around 88.5% (Albuquerque et al. 2010 ) and according to the Köppen classification is defined Af and Am (Peel et al. 2007; Alvares et al. 2014) . Agropalma has eight large forest reserves in the region and forested APPs connecting them.
Orchid bee sampling
We sampled male orchid bees from 12 July to 28 July 2015 in three areas (sites) of each land-use type (3 forest reserves, 3 APPs, and 3 oil palm plantations) (Figure 1 ), totaling nine sampling days. This rapid survey approach is appropriate for this group of bees, and short sampling periods have been demonstrated to be nearly as effective in revealing community patterns as year-long surveys (Roubik 2004; Livingston et al. 2013) . We sampled one site per day using 36 scent traps, displaced in groups of six, constituting a subsampling station, similarly to what has been previously done by Silva and De Marco Jr (2014) in Cerrado areas. The six subsampling stations within the same site were separated from one another by 500 m (Figure 1 ). The distance between palm plantation sites ranged from 5 to 10 km; APPs Orchid Bees in Oil Palm Plantations sites were separated from 10 to 11 km apart from each other, and the distance between forest sites ranged from 10 to 19 km. Though proximity between different land-use types was often 1-2 km and maximum distance was approximately 20 km. Traps were built from empty 2-L PET plastic bottles with three openings as conceived by Campos et al. (1989) . At each subsampling station, six scent traps were used and each trap contained a cotton swab dipped in one of six scents: vanillin, eucalyptol, methyl cinnamate, methyl salicylate, benzyl acetate, and eugenol (Nemésio 2009 ).
Each land-use type site was sampled three times, with the sampling location haphazardly selected based upon existing trails and roads. All oil palm plantation sites were ≥2 km from the edge of the nearest forest reserve. For the forest sites, we walked along established trails in three large forest reserves (the smallest 4200 ha; the largest 16,700 ha, Figure S1 ), setting one sampling station near the edge, and then every 500 m along the trail, penetrating approximately 2.5 km into the forest reserves. Weather was warm with no rain during the sampling period and palm flowering was universally low. Traps were hung for 24 h (sampling effort of 2592 trap h −1
) and then, bees were sampled, pinned, and identified to species level using taxonomic keys (Dressler 1982b; Roubik and Hanson 2004; Moure 2000; Nemésio 2009; Oliveira 2006) . All bees were compared with specimens previously confirmed by Dr. André Nemésio and Dr. Márcio Oliveira, deposited in Entomology Museum of the Embrapa Amazônia Oriental and Museu Paraense Emílio Goeldi. Specimens were deposited at the Entomology Museum of the Embrapa Amazônia Oriental.
Statistical analysis
We calculated estimators of species richness based on first-order Jackknife using EstimateS Win9.10 software (Colwell 2013) for each site, and we compared the differences between land uses (APP, forest reserve, and palm plantations) by performing a Kruskal-Wallis test due to the non-normality nature of our data. We also performed accumulation curves of species to each land-use types, considering the random method with 9999 permutations. Differences in observed species abundance and richness among sites were compared using a one-way ANOVA, with abundance from each subsampling station log10 transformed. We performed post hoc comparisons of significant ANOVA results by Tukey test.
To assess the distance dependence among subsampling stations on bee assemblage composition, richness, and abundance, we performed a Mantel test. The Mantel test provides a correlation coefficient value (r ) of comparisons between the attributes of the orchid bees and the distance of each subsampling station. Patterns of species composition were evaluated with a principal coordinates analysis (PCoA), an ordination technique where species abundances of each site (subsampling station) were log (x + 1) transformed to balance values, and applied the Bray-Curtis index. To test for differences in species composition between land uses, we used a permutational multivariate analysis of variance (PERMANOVA) and to compare differences within groups and determine the effect of heterog e n e i t y ( d i s p e r s i o n ) o n s i g n i f i c a n t PERMANOVA results, we performed pairwise comparisons of dispersion using Primer 6 software (PERMDISP; Anderson 2006) . We also performed a nonmetric multidimensional scaling (NMDS) only as a complementary analysis, since contrary to PCoA, this ordination method does not provide explanation values of each ordination axis. We complemented our PCoA analysis with a species indicator analysis (IndVal; Dufrêne and Legendre 1997; Cáceres and Legendre 2009 ) to evaluate potential land-use associations for each species with the three land uses at our study site. A perfect indicator species should occur only in sampling units from a given category (specificity) and in all sampling units of that given category (fidelity).
Lastly, we evaluated the patterns of scent sampling efficiency with a Kruskal-Wallis test, and these are detailed in the supplementary material ( Figure S1 and Table S2 ). We followed the assumptions for all statistical tests, transforming the data when necessary. We also assumed an α value of 0.05 in all analyses. We performed all analyses using R (2016).
RESULTS
During our sampling period, we collected 867 male euglossine bees from 25 species belonging to four genera Eulaema (El. ), Eufriesea (Ef. ), Euglossa (Eg. ), and Exaerete (Ex. ) (Table S1) , respectively, abbreviated for clarity and brevity throughout the text. In all three land uses, El. cingulata and El. meriana accounted together for >60% of all bees collected. These two species were the dominant species in APPs and palm plantation. In contrast, Eg. chalybeata was the most abundant species in forest reserves.
Observed species richness was greatest in the forest reserves and APPs, and lowest in palm plantations (F (2, 51) = 22.577, P < 0.001). Oil palm plantations had about 14 species less than forest reserves (P Tukey < 0.001) and an amount of 13 species less when compared to APPs (P Tukey < 0.001). Jackknife species richness estimates in forest reserves averaged 21.61 ± 1.34 (mean ± standard deviation), 17.44 ± 4.43 in APPs, and 7.67 ± 0.16 in palm plantations. Accumulation curves of species sampled in forest fragments and APPs were similar, while oil palm areas showed low values (Figure 2 ). Species richness estimated of forest reserves and APP areas were not different from one another (H (2, N =9) = 7.260, P = 0.036) (Figure 3 ). Observed abundance patterns were different from species richness patterns for each land use. Surprisingly, total abundance of orchid bees was highest in APPs (382 individuals), followed by forests (244 individuals) and palm (241 individuals) (Online Resource:Table S1), even though these differences were not significant (F (2, 51) = 1.303; P = 0.280).
The composition of the orchid bee assemblage varied with land use. Both PCoA and NMDS tests revealed a clear difference between forest sites and two other land uses based on the (Figure 4a and Figure S2) , with the formation of two distinct species groups within these areas (Figure 4b ). Additionally, results from PERMANOVA and PERMDISP tests showed significant differences in the community composition between land uses, except The principal coordinates analysis (PCoA) for data ordered by samples (a ) and euglossine species (b ). Landuse codes: APP BÁreas de Preservação Permanente^(permanent protection areas), Palm oil palm plantations, Forest forest reserves. Species codes: sp1 , Eufriesea ornata ; sp2 , Euglossa amazonica ; sp3 , E. augaspis ; sp4 , E. bidentata ; sp5 , E. chalybeata ; sp6 , E. crassipunctata ; sp7 , E. ignita ; sp8 , E. imperialis ; sp9 , E. intersecta ; sp10 , E. modestior ; sp11 , E. orellana ; sp12 , E. parvula ; sp13 , E. securigera ; sp14 , Euglossa sp.1; sp15 , E. townsendi ; sp16 , Eulaema bombiformis ; sp17 , E. cingulata ; sp18 , E. meriana ; sp19 , E. mocsaryi ; sp20 , E. nigrita ; sp21 , E. polyzona ; sp22 , E. pseudocingulata ; sp23 , Exaerete frontalis ; sp24 , E. lepeletieri ; sp25 , E. smaragdina.
between APP and palm plantation (pairwise Monte Carlo test; Table I; Figure 4) . Finally, the species indicator analysis revealed five species as potential environmental bioindicators (Table II) . Although Eg. bidentata , Eg. securigera , and Eg imperialis were unique to forest (Table S1 ), other four species were indicated as potential indicators of forest reserves (Eg. amazonica , Eg. augaspis , Eg. bidentata , and Eg. imperialis ). Euglossa chalybeata was considered indicator of preserved areas (APP and Forest), despite it has been recorded in all land-use types (Table II, see also Table S1 ). Euglossa modestior , Eg. chalybeata , Eg. ignita , Eg. augaspis , El. bombiformis , El. cingulata , El. meriana , El. mocsaryi , and El. nigrita were found in all three land uses, and oil palm plantation was the only land use with none unique bee species ( Figure 5) .
We observed an effect of subsampling distances on bee abundance (Mantel r = 0.12, P = 0.006), observed richness (Mantel r = 0.10, P = 0.015) and on the variation on assemblage similarity (Mantel r = 0.11, P = 0.013). However, as the explanation of the geographic space on the attributes evaluated was low (Mantel r values <15%), in subsequent analyses, we assumed that sites represented independent samples.
DISCUSSION
In this study, we found significant differences in the orchid bee assemblages present in forest reserves, APPs, and oil palm plantations. Contrary to our hypothesis, APPs did not show intermediate levels of richness and abundance of orchid bees, but had an approximately equally diverse assemblage to forest reserves. The Amazon basin contains an estimated 127 species of euglossine bees (Nemésio and Silveira 2007) , and we sampled more than 20% of this species pool in a short time during the dry season when catch rates are about 38 species (Mateus et al. 2015) . Overall, the community we sampled was dominated by a few species, with El. cingulata and El. meriana accounting for >60% of the total orchid bee abundance. Nevertheless, in both forest and APP areas the species accumulation curves never plateaued, indicating that the communities are undersampled in land-use type, while sampling in the oil palm plantation seemed to have reached its peak richness.
The sampled APPs maintained high levels of euglossine bee richness and abundance, and we sampled 20 of the 23 forest species within the APPs, as well as all the species sampled within the palm plantations. This suggests that these corridors are being effectively used by the orchid bees as dispersal routes, and that they are potentially connecting all the large forest reserves. In the Atlantic rain forest, riparian strips and small forest patches were also found to be effective stepping-stones or corridors for orchid bees (Rosa et al. 2015) , and APPs are believed to explain the presence of some Amazonian orchid bees within the Brazilian savanna (Silva et al. 2013; Martins et al. 2016) . Similar results were also found in northeastern Brazilian humid tropical forests, where riparian forests of the São Francisco River function as biocorridors, providing refuge areas and maintaining orchid bee species (Moura and Schlindwein, 2009 ). Edge-dominated forests, like the APPs, in Costa Rica also supported diverse orchid bee communities (Brosi 2009 ). Throughout the plantation, the APPs' width varied from 50 to 250 m, depending on the size of the stream, habitat Orchid Bees in Oil Palm Plantations complexity and intactness, and habitat heterogeneity, habitat features that may also explain the wider standard deviation for observed species richness in this land-use type in our study area. Other invertebrate-riparian corridor studies have shown that these forest corridors can benefit biodiversity, even if spill-over into palm matrix is low, and forest maintains greater diversity (Gray et al. 2016 ). Forest fragments have been shown to be important landscape components for some euglossine bees, and it has been suggested that some of these species indeed do not leave the fragments to use the surrounding matrix (Milet-Pinheiro and Schlindwein 2005). Individual male euglossine bees routinely travel widely, especially outside of small fragments that are unlikely to provide all the life-history requirements needed for stable populations of several species of large, fast-flying bees (Tonhasca Jr et al. 2003; Brosi 2009 ). Additionally, orchid bees are known to fly long distances (∼30 km in a single day), especially the larger ones (Janzen 1971; Raw 1989; Becker et al. 1991; Wikelski et al. 2010; Pokorny et al. 2015) . Thus, some Eulaema species (i.e., El. cingulata , El. mocsaryi , El. meriana , and El. bombiformis ) should be more capable of leaving forest fragments than smaller bees, as was observed for other large body size species (e.g., El. nigrita ) (Raw 1989 ; Wikelski et al. 2010; Pokorny et al. 2015) . The remarkably simple orchid bee assemblages found in oil palm plantations, regarding species richness, abundance, and composition, seems to confirm the importance of forest patches to populations of these bees in the area. Our species indicator analysis identified four euglossine bee species associated with forest reserves and one species occurred in both forested areas (forests and APPs), suggesting they are not tolerant to disturbance. Therefore, these species may be useful indicators of intact Amazonian forest orchid bee communities. Euglossa analis and Eg. sapphirina are known to be associated with forest interiors, while other species may not be affected by habitat loss (Tonhasca Jr et al. 2002; Nemésio and Silveira 2006) . Contrary to what we expected, based on other studies, El. nigrita was not identified as an indicator of disturbed areas, such as the plantations we sampled. Given the ability of this species to occur in disturbed landscapes and its high flight capacity, habitat loss is not expected to cause populational decreases of this species (Silva and De Marco Jr 2014) . Nonetheless, this species is expected to benefit in future scenarios of climate change and deforestation in this biome, what may facilitate its expansion to Central Amazonia .
Overall, our results should still be carefully interpreted. This is one of the first studies of its kind in Amazonian oil palm plantations (e.g., Shimano and Juen 2016), and we considered only three coarse land-use types. Future studies should also consider how land use affects dispersal patterns of orchid bees in the region, including finescale habitat features that may also influence bee communities, as well as temporal variations. We Orchid Bees in Oil Palm Plantations believe that previous radio-tracking studies involving bees in general (Wikelski et al. 2010; Hagen et al. 2011 ) may improve our understanding on how these species disperse in oil palm plantation embedded within landscapes with natural vegetation.
We also report some low-level of spatial correlation. There is no consensus on the appropriate spatial design of sampling euglossine bees, with evidence that both local and landscape features influence species (Giangarelli et al. 2015; Nemésio et al. 2016) . The similarity of the orchid bee assemblage, richness, and abundance had some relatedness to the proximity of the sampled sites, but the percentage of explanation was low (<15%). This result suggests that the differences we found are caused by the evaluated land-use types rather than sampling sites' distances. Moreover, our community results also suggest a true divergence between forest and nonforest bees. Only one study explicitly addressed the effects of spatial autocorrelation upon orchid bee diversity, with similar low levels of correlation (Brosi 2009 ). Considering the flight capabilities of these bees described above, ideally, all sampling points should be long-distanced from one another. Still, field logistics and site availability usually do not allow an optimal distribution of collecting sites, particularly when working in agricultural landscapes such as ours. Since we found a certain degree of space-dependence between sites, new studies that address this issue must be performed, although selecting optimal sites in crop areas, which are delimited primarily by economic reasons, is a challenging task.
Our results support the hypothesis that orchid bee species diversity would be greatest in the forest reserves and lowest in the palm, but, surprisingly, orchid bee abundance was equal in forest and APPs. Despite the worldwide negative reputation of oil palm plantations for biodiversity (e.g., Lees et al. 2015) , landowners are interested in mitigating biodiversity loss. It is, therefore, critical to provide research results on the efficacy of different plantation management strategies for retaining biodiversity. Our research highlights that large-scale oil palm plantations with forest reserves and connecting APPs can be managed to protect orchid bee biodiversity.
